In this investigation, a high-consistency rubber was mixed with five different types and amounts of curing agent. After mixing, the raw material was characterised using a rubber process analyser. 
Influence of different types and amounts of crosslinking agent on the curing process of silicone rubber
In this investigation, a high-consistency rubber was mixed with five different types and amounts of curing agent. After mixing, the raw material was characterised using a rubber process analyser. The results led us to the conclusion that silicone rubber could be crosslinked with a wide range of curing agents based on organic peroxides. A large amount of curing agent is not necessary to achieve higher values in terms of the elastic torque, or to accomplish a shorter processing time. It was able to show that the crosslinking density according to δ S' is on a similar level throughout a range of curing temperatures.

Einfluss verschiedener Vernetzungssysteme und Vernetzeranteile auf das Vulkanisationsverhalten von Silikonkautschuk
In dieser Studie wurde ein Festsilikonkautschuk mit fünf verschiedenen Vernetzungssystemen, welche auf organischen Peroxiden basieren, und verschiedenen Mengenanteilen gemischt. Nach dem Mischen wurde das Vulkanisationsverhalten der Polymermischungen mit Hilfe eines Rubber Process Analyzer untersucht. Die Ergebnisse zeigen, dass Festsilikonkautschuk mit einer Vielzahl an Vernetzungssystemen vulkanisiert werden kann. Ein größerer Anteil an Vernetzer ist nicht notwendig, um den elastischen Anteil zu vergrößern oder die Vulkanisationszeit zu verkürzen. Es konnte zudem gezeigt werden, dass sich die Vernetzungsdichte über einen großen Temperaturbereich auf einem ähnlichen Niveau bewegt.
In addition to the type of silicone rubber that was successfully crosslinked, the main differences between peroxides include the types of free radicals, the energy levels of these radicals, and the half-life of the peroxide itself. The time at which one half of the peroxide decomposes at a given temperature is called half-life. The curing reaction is notably faster when the half-life is shorter. [7, 8] Examples of the mechanism of the radical reaction during curing are shown in [2, 4] . The vulcanisation causes the development of cleavage products. These cleavage products should be removed before usage by means a post-curing process, which is carried out at 200 °C for 4 h [4, 5, 9] .
It is well known that the amount of curing agent has a fundamental influence on the processing conditions in addition to the type of crosslinking agent, and also on the properties of the silicone rubber [6] . The processing parameters are influenced by the half-life of the peroxide used. Decomposition is temperaturesensitive, and, accordingly, the crosslinking reaction occurs at a different rate. The degree of crosslinking is proportional to the concentration of the crosslinking agent [7, 8] . As the amount of crosslinking agent increases, the crosslinking density increases as well [8, 10, 11] . The degree of crosslinking affects the hardness, ultimate elongation, and other properties, like the tear strength [7, 8, 11] .
A rubber process analyser is well suited for the characterisation of the curing behaviour of elastomers. There are several investigations in literature which investigate the curing characteristics of rubber when using a rubber process analyser (=RPA), e.g. [12] [13] [14] [15] [16] .
Zhang et al. [16] found out that the crosslinking density of natural rubber decreases as the curing temperature increases. The optimal curing time decreases with rising curing temperature. In consequence of a lower cross-link density the modulus are on a lower level. Dick found out that the curing time reduces in correlation to the rising amount of peroxide. [7] There is less data available about the influence of crosslinking agents based on organic peroxides and their influence on the curing behaviour of silicone elastomers. Only a range of an amount is provided in the material data sheet of the producer, and there is no statement concerning the influence of additional crosslinking agent.
In this investigation, a high-consistency rubber was mixed with five different, typically used crosslinking agents that are based on organic peroxides. Furthermore, the amount of crosslinking agent was varied in order to quantify the effect on the curing behaviour. After mixing, all batches were investigated using a rubber process analyser. The goal of this investigation is to analyse the curing process of silicone rubber by using different kinds of organic peroxides. Apart from the type of silicone rubber employed, the influence of the curing temperature and the amount of crosslinking agent on the curing process was investigated. Profound knowledge of the curing process is needed to prevent premature curing e.g., in the mould. By using a customized processing temperature, the producer can reduce the amount of energy required, which, respectively, reduces the cycle time.
EXPERIMENTAL
Materials
In this study, the base polymer is a high consistency rubber called Silplus 60EX from the company Momentive Performance Materials Inc. (Leverkusen/ Germany), which is typically processed using extrusion [17] . Five different types of crosslinking agents were used, all of which were manufactured by Akzo Nobel GmbH (Amsterdam/Netherlands). They are usually used for crosslinking of silicone rubber. All crosslinking agents were mixed in silicone oil and delivered as a paste. These masterbatches reduce the mixing time and increase the dispersion of the crosslinking agent in the polymer. [7] DClBP, DMB and DBP belong to the class of diacyl peroxides, and display shorter half-lives (see table 1 ) and free radicals with high energy levels. DCP and DMTB belong to the group of dialkyl peroxides. DMTB generates a mix of free radicals with high and low energy levels. The chemical structure of all of the employed peroxides is shown in figure 1 . [7] Figure 1: Chemical structure of the employed peroxides [18] DClBP and DMB were able to be cured without employing external pressure, e.g. by using hot air or infrared-radiation. The other curing agents were able to be cured under pressure in a hot press. Table 1 : Selected properties of the used crosslinking agents [7, 18] 
Preparation
All materials were mixed using the conical twin mixer CTM 25 from Colmec S.p.A. (Busto Arsizio/Italy) using the same mixing parameters.
Rubber Process Analyser
After mixing, the different, uncured compounds were tested with a rubber process analyser D-RPA 3000 that was made by MonTech Werkstoffprüfmaschinen GmbH (Buchen/Germany). An RPA is well-suited for the investigation of the curing behaviour of rubber. The temperature-controlled testing chamber consists of two biconical cavities, which both have the same angle. A shear strain is applied to the specimen by oscillating the lower die sinusoidally, and the torque response of the material is measured. Owing to this, the rheological characterisations of gum and rubber compounds and the curing behaviour of these compounds were able to be investigated using an RPA. [6, [12] [13] [14] 19 , 20]
The design of an RPA according to [21] For each measurement, approximately 6 g of the compound was placed between two testing films of polyethylene terephthalate (=PET) with a thickness of 23 µm, and was then put in the RPA.
All formulae were tested at different temperatures. Isotherms were employed in a range from 180 °C to 90 °C according to [21] . The frequency and strain remained constant during testing (1.67 Hz and 7 %), and the testing time was 20 min. The elastic torque, the time to scorch, TC 90 and δ S' were analysed. The elastic torque (S') in [dNm] characterises the curing behaviour of the different compounds. The scorch time (TS2) in [s] is the time measured at the rotor start which is needed for an increase of 2 dNm above the torque of S' min. TC 90 in [s] is the time needed to reach a curing level of 90 %. The time is calculated between S' min and S' max (see figure 3 ) [9] . Delta torque (δ S') in [dNm] is calculated by the difference between S' max and S' min. It provides information about the crosslinking density of the cured rubber. The larger δ S', the higher the crosslink density of the system compared to [15, 16, 23] . Figure 3 summarizes the most important values.
Figure 3:
Curing parameters according to [21, 22] 3 RESULTS AND DISCUSSION
Calculation of the Half-Life of Organic Peroxide
The half-life can be calculated using the Arrhenius equation. According to [24, 25] , the half-life was calculated using formulas 1 and 2 in correlation with different curing temperatures. In this equation, is the rate invariable for the initiator dissociation, A is the Arrhenius frequency factor, the activation energy for the initiator dissociation, R the general gas invariable, and T the absolute temperature in Kelvin.
The concentration of peroxide ( 1 ) at a given time is calculated using formula 3. Here, 0 stands for the original concentration of peroxide, and t represents the time measured at the start of decomposition. Table 2 show the calculated half-lives of the used peroxides as a function of the different curing temperatures. All values over 1200 s (light grey) could not be detected by the following RPA measurements, because of the defined testing time of 1200 s. Diacyl peroxides have a much shorter half-life in contrast to dialkyl peroxides. As a result, the curing speed might be much faster at the same curing temperature. Table 3 shows the rest of the concentration of peroxide at a defined time. The values were calculated according to formula 3 [25] . In the case of the dialkyl peroxides, undecomposed peroxide was still found in the polymer after 1200 s at a curing temperature of 150°C (DCP: 0.13 phr and DMTB: 0.28 phr). The diacyl peroxides were completely decomposed after this time. This indicates that the reaction process was completed in the case of the diacyl peroxides. Hence, the elastic torque S' should be constant. Figure 4 shows the decomposition of the peroxide as a function of the number of half-lives [24, 25] . Theoretically, total decomposition was unable to be achieved. Dick suggested in [7] that the minimum cure time be ten times a halflife. TC90 was reached after four times a half-life. Maier and Schiller [24] suggested six times to eight times a half-life for total decomposition of the peroxide. As a result, the elastic torque S' should be constant. 
Static RPA-Measurements
The following results show the elastic torque of HCR as a function of the testing time. The curing temperature and amount of curing agent were modified. Depending on the used curing agent, the graph shows different appearances. Figure 5 and figure 6 show the elastic torque (S') of the different materials at the same testing temperature of 150 °C and 170 °C respectively. DBP achieved the highest value in terms of the elastic torque (S'). DClBP, DMB and DBP (all Diacyl peroxides) show nearly the same course of their graphs. In contrast to that, DCP and DMTB (Dialkyl peroxides) achieve lower values in terms of the elastic torque. This was also able to be shown in the case of the longer time to scorch (TS 2) or TC 90, see In the case of diakyl peroxides, the entire amount of peroxide is not completely decomposed at 150°C after a testing time of 20 minutes. As a result, the elastic torque S' still continues to increase (see figure 5 ). Diacyl peroxides have a shorter half-life. After approx. 200 seconds, S' is on the same level. This indicates that the peroxide decomposed completely during the test (compare to the results of the calculated half-life). As the temperature rose (up to 170°C -see figure 6 ), the half-life reduced further and the curing speed continued to rise. As expected, the scorch time also reduced as the temperature rose.
The level of S' depends on the peroxide used. DBP generates free radicals with the highest energy level, and, accordingly, creates strong chemical bonding of the silicone elastomer (compare to [7] ). All diacyl peroxides are non-vinylspecific. There are reaction points located at the vinyl groups and the methyl groups of the polysiloxane. The potential tie points increase in correlation with the amount of crosslinking agent, resulting in a higher elastic torque. [6] For example, DMTB displays the lowest value in terms of S'. There are multiple reasons as to why this is the case. Due to it having the longest half-life, less peroxide is decomposed during the process than in the case of diacyl peroxides. Additionally, only 45% of the original peroxide in the masterbatch is present. Furthermore, DMTB generates a mix of high-and low-energy free radicals [7] . Owing to this, strong bonding does not occur, resulting in a lower elastic torque S'. Dialkyl peroxides are all vinyl-specific peroxides, meaning the chemical bonding only takes place at the vinyl groups of the polydimethylsiloxane. [6] As the temperature rises (up to 170°C), the S' value of every compound reaches a plateau. The entire amount of peroxide is decomposed during the testing time of 20 min. The curing reaction is accomplished, and results in a stable elastic torque. According to formula 3, there is just 0.01 phr of DCP and 0.09 phr of DMTB after 600 s at 170°C. No DCP and 0.02 phr of DMTB remain in the polymer (after 1200 s). Figure 7 shows the elastic torque (S') at a curing temperature of 150 °C as a function of the amount of curing agent for DClBP as an example of the behaviour of diacyl peroxides. As the amount of curing agent increases, the elastic torque becomes higher (rising from 20 dNm to 28 dNm). Figure 8 depicts the results for the material behaviour of DCP (dialkyl peroxides). The course of each graph is nearly the same, but no consistent behaviour was detected. Depending on the amount of peroxide, a higher number of free radicals was built. The free radicals are responsible for a higher crosslinking density, which, in turn, results in a higher elastic torque S'. Figure 9 shows the elastic torque (S') of DClBP. The curing temperature was varied between 180 °C to 90 °C. As the curing temperature declined, the elastic torque decreased to a lower level. At 90 °C, there was no curing reaction of the material anymore (after 20 min of testing). DClBP, DMB and DBP cured until 90 °C was reached. DCP and DMTB cured up until 140 °C was reached. No curing reaction takes place below this temperature. As is visible in Table 2 , the half-life of the used peroxide acts as a function of the temperature, and, in contrast, curing does not take place during the testing time if the temperature is too low. After a material-specific temperature was reached, no significant drop in the TC 90 occurred. In the case of DCP and DMTB, this temperature level is higher than the considered range of temperature. Accordingly, the curing temperature may be reduced in order to save energy costs. For example, there is no significant difference between the TC 90 (see table 7 ) or the elastic torque (see figure 9 ) above 130 °C. Figure 10 and figure 11 show the results of the calculation of δ S'. The larger δ S' is, the higher the crosslinking density of the system (see also [15, 16, 23] ). Figure 7 shows δ S' as a function of the amount of curing agent at the same curing temperature of 150 °C. Despite using the same base polymer, the level of δ S' depends on the curing agent used. The highest values in terms of δ S' were achieved by DBP. Only DClBP and DBP showed an increasing crosslinking density in correlation with the rising amount of curing agent. The remaining compounds were on the same level. In contrast to [10] and [11] , we were able to show that the crosslinking density does not generally increase with the rising amount of curing agent. Instead, it depends on the type of curing agent used.
As stated before, dialkyl peroxides are all vinyl-specific peroxides -that means the chemical bonding takes place only at the vinyl group of the Polydimethylsiloxane. A rising amount of curing agent has no effect on the crosslinking density if the amount of vinyl groups is equal to it [6] . In contrast to that, diacyl peroxides are non-vinyl-specific. More precisely, their chemical bonds are formed both at the vinyl groups and the methyl-groups of the polysiloxane. Owing to this, the potential bonding increase as the amount of crosslinking agent does [6] . For this reason, DMB should display an increasing crosslinking density as the amount of crosslinking agent increases, however, it does not. The results of δ S' as a function of the curing temperature are shown in figure  11 . All samples had an amount of curing agent of 1 phr. The optimal curing temperature in terms of the crosslinking density is 20 °C higher in contrast to the values provided in the data sheet of the material producer (see table 1 ). All graphs display a similar course -as the temperature rises, the δ S' level increases. After reaching a material-specific temperature, δ S' reaches a plateau. A further increase of the temperature leads to a decrease of δ S' in the diacyl peroxides. Depending on the curing agent used, the optimal temperature and δ S' can be on different levels. DBP achieve the highest values in terms of δ S'.
During the curing reaction when diacyl peroxides are present, some acid cleavage products are created, which are responsible for the degradation of the polymer network. Moreover, the heat resistance of the silicone rubber in a closed system decreased when using diacyl peroxides like DClBP or DBP [6, 7] . The degradation of the polymer network might be the reason for the decreasing crosslinking density resulting in a lower delta S' for DMB. DClBP and DBP, both of which are diacyl peroxides, show a slight decrease of delta S' as the temperature increases. 
SUMMARY AND CONCLUSION
In this investigation, a high-consistency rubber was mixed with five different types and amounts of curing agent. After mixing, the raw material was characterised using a rubber process analyser.
The calculated half-lives of the used organic peroxides illustrate the extremely temperature-sensitive behaviour of the different crosslinking agents. As a consequence of an increase of the curing temperature by 10°C, the half-life reduced at least 50% over time. Varying the processing temperature has a large influence on the curing behaviour of silicone rubber.
The RPA measurements verify this significant temperature-sensitive behaviour.
As the curing temperature rose, the scorch time and TC90 decreased in all batches. The curing speed depends on the peroxide used. Diacyl peroxides have a significantly shorter half-life in contrast to dialkyl peroxides, and, as a result, display a faster curing speed at the investigated curing temperatures (90-180°C).
In correlation with the rising amount of crosslinking agent, the elastic torque increase. This effect also depends on the group of peroxides used. Diacyl peroxides are non-vinyl-specific, and, as a matter of fact, create more chemical bonds in the polymer network, which, in turn, lead to a higher crosslinking density. In contrast, dialkyl peroxides are vinyl-specific and have a defined crosslinking density that is dependent upon the original amount of vinyl groups in the polymer. A higher curing temperature affects the crosslinking density of the diacyl peroxide by causing degradation in the polymer network.
We successfully proved that the half-life of the used peroxide, and, consequently, the curing temperature are significantly responsible for the curing behaviour of the silicone rubber. In the case of diacyl peroxide, a higher amount of crosslinking agent causes a higher crosslinking density.
A profound knowledge of the curing process prevents early curing, and enables producers to tailor properties by employing different kinds of organic peroxides or different curing temperatures in order to reduce the amount of required energy or to reduce the cycle time, respectively.
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